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ABSTRACT
We study the distribution and kinematics of the cool circumgalactic medium (CGM) of emission line
galaxies (ELGs) traced by metal absorption lines. Using about 200, 000 ELGs from SDSS-IV eBOSS
and half a million background quasars from SDSS, we measure the median absorption strength of MgII
and FeII lines in quasar spectra for impact parameters ranging from 10 kpc to 1 Mpc. For comparison
we measure the same quantity around luminous red galaxies (LRGs). On scales greater than 100 kpc
both ELGs and LRGs exhibit similar absorption profiles. However, metal absorption is 5-10 times
stronger around ELGs on smaller scales. The metal absorption strength is anisotropic, with an excess
along the minor-axis of the galaxies, indicating an outflow origin of the absorbing gas. The ratio
between the velocity dispersion of the cool CGM and that of its host dark matter halo is about one
for ELGs but about half for LRGs. These results show that the dichotomy of galaxy types is reflected
in both the density distribution and kinematics of the CGM traced by metal absorption lines. Our
results provide strong evidence that the CGM of ELGs is enriched by gas outflows generated by star
formation.
Keywords: quasars: absorption lines, galaxies: halos, intergalactic medium
1. INTRODUCTION
Gas around galaxies, the circumgalactic media (CGM),
contains information about gas accretion and outflows,
important processes that drive the evolution of galax-
ies (Tumlinson et al. 2017, for a review). By probing
the properties of the CGM and their connections with
galaxies, one can hope to understand the influences of
these mechanisms, thereby better understanding the for-
mation and evolution of galaxies in general. To this end,
absorption line spectroscopy has been a powerful tool to
extract the properties of the CGM through its absorption
line signatures in the spectra of background objects.
Since the first discovery of a pair of galaxy and metal
absorber produced by the CGM (Bergeron 1986), many
investigations about the relationships between galaxies
and their surrounding gas have been carried out over a
wide range of redshift and using samples of at most a few
hundred galaxy-absorber pairs that are spectroscopically
confirmed (e.g., Steidel et al. 1994; Churchill et al. 2005;
Chen et al. 2010; Steidel et al. 2010; Tumlinson et al.
2011; Nielsen et al. 2013; Bordoloi et al. 2014; Liang &
Chen 2014; Schroetter et al. 2016; Borthakur et al. 2016;
Burchett et al. 2016; Ho et al. 2017; Heckman et al. 2017;
Johnson et al. 2017; Rubin et al. 2018; Lopez et al. 2018).
On the other hand, large survey datasets offer the oppor-
tunity to explore the connection between galaxies and the
CGM statistically (e.g., Zibetti et al. 2007; Bordoloi et
al. 2011; Me´nard et al. 2011; Zhu & Me´nard 2013a; Lan
et al. 2014; Zhu et al. 2014; Peek et al. 2015; Huang et al.
2016). However, although interesting results have been
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obtained from these studies, the properties of the gas
around galaxies remain poorly constrained. In particu-
lar, a systematic investigation about the gas properties
as a function of galaxy properties, which is required in
order to understand the origin of the CGM, is still lack-
ing.
In this paper, we intend to characterize the properties
of gas around star-forming galaxies at redshift ∼ 1 by
making use of the largest emission line galaxy (ELGs)
catalog observed by the Extended Baryon Oscillation
Spectroscopic Survey (eBOSS, Dawson et al. 2016) in
Sloan Digital Sky Survey IV (SDSS IV, Blanton et al.
2017). To this end, we cross-correlate the flux-decrement
in the background quasar spectra with the presence of
ELGs, and obtain the radial distribution and kinematics
of the cool circumgalactic gas of star-forming galaxies.
The structure of the paper is as follows. Our data analy-
sis is described in Section 2, and our results are presented
in Section 3. The implications of our results are discussed
in Section 4, and we summarize in Section 5. Through-
out the paper we adopt a flat ΛCDM cosmology with
h = 0.7 and ΩM = 0.3.
2. DATA ANALYSIS
We study the properties of the CGM traced by metal
absorption lines imprinted in the background quasar
spectra. Our analysis is based on two spectroscopic
galaxy samples provided by SDSS as foreground galaxies:
(1) emission line galaxies (ELGs) and (2) luminous red
galaxies (LRGs), using all the SDSS quasars as back-
ground objects. In the following, we describe in detail
the samples and method for our analysis.
2.1. Datasets
Emission line galaxies - We use the emission line
galaxy (ELGs) catalog compiled from the SDSS-IV
eBOSS survey (Blanton et al. 2017; Dawson et al. 2016).
This survey aims to detect star-forming galaxies with
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Figure 1. Example of median composite spectra of background quasars at rest-frame of ELGs as a function of rp. The spectra and the
best-fit MgII/FeII absorption lines are shown with blue and red solid lines, respectively. The blue shaded regions illustrate the bootstrapping
uncertainties of the spectra. Note that the scale of y-axis changes as a function of rp. The noise level of the composite spectrum at ∼ 1000
kpc is about 10−3 of the continuum.
strong emission lines in the redshift range 0.8-1.0 and
use them as tracers of the large-scale structure to in-
vestigate the baryonic acoustic oscillations. The galax-
ies are targeted from images obtained by the DECam
Legacy Survey (Dey et al. 2018) 4 with photometric se-
lections that maximize the survey efficiency (Comparat
et al. 2016; Raichoor et al. 2016). The spectra of the
ELGs are obtained by the BOSS spectrograph (Smee et
al. 2013) on the APO 2.5-meter SDSS telescope (Gunn
et al. 2006) and processed by the SDSS spectroscopic
pipeline (Bolton et al. 2012)5, which automatically esti-
mates the redshifts of galaxies and derives the properties
of emission lines (Hutchinson et al. 2016).
We select ELGs with redshifts greater than 0.4 with
4 http://legacysurvey.org/
5 Version 5-10-7
reliable redshift estimation (Comparat et al. 2016). This
yields a total of about 180,000 ELGs in the redshift range
between 0.4 and 1.5, with a median value about 0.85.
The typical uncertainty of the redshift estimate is about
20 km/s.
The ELGs have a typical stellar mass of about 3 ×
1010M (Raichoor et al. 2017) and are hosted by dark
matter halos with a typical mass of about 1.5× 1012M
(Favole et al. 2016). Based on their [OII] λ3727 luminosi-
ties and the conversion model given by Kennicutt (1998),
the ELGs have star formation rates (SFR) ranging from
1 to 20 M/yr, with a median value of about 8 M/yr.
We note that the [OII] luminosities are not corrected for
dust reddening.
Luminous red galaxies - We use the sample of lumi-
nous red galaxies (LRGs) provided by SDSS DR14 data
release (Abolfathi et al. 2018) from the BOSS (Dawson
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Table 1
MgII rest equivalent widths around ELGs (upper part) and LRGs (lower part)
rp bin [kpc] 〈rp〉 Nspec 〈WMgII〉 [A˚] σ(〈WMgII〉) 〈Wλ2796〉 [A˚] σ(〈Wλ2796〉) 〈Wλ2803〉 [A˚] σ(〈Wλ2803〉)
(10, 28] 23 11 2.830 0.243 1.529 0.135 1.301 0.142
(28, 40] 34 27 2.491 0.372 1.349 0.246 1.142 0.182
(40, 56] 50 50 1.307 0.175 0.647 0.121 0.660 0.080
(56, 78] 69 105 0.622 0.106 0.355 0.066 0.267 0.065
(78, 110] 95 183 0.287 0.050 0.161 0.033 0.127 0.029
(110, 155] 134 406 0.113 0.045 0.056 0.024 0.057 0.034
(155, 218] 190 774 0.030 0.030 0.023 0.021 0.006 0.027
(218, 307] 266 1571 0.052 0.023 0.040 0.014 0.012 0.016
(307, 431] 375 2946 0.044 0.019 0.017 0.015 0.027 0.016
(431, 606] 527 5902 0.044 0.013 0.024 0.010 0.019 0.009
(606, 853] 739 11512 0.022 0.010 0.016 0.007 0.006 0.007
(853, 1200] 1040 22999 0.025 0.006 0.013 0.004 0.012 0.004
(10, 28] 22 46 0.500 0.155 0.273 0.098 0.227 0.098
(28, 40] 35 75 0.447 0.193 0.234 0.127 0.214 0.112
(40, 56] 48 157 0.550 0.093 0.278 0.062 0.272 0.050
(56, 78] 68 362 0.250 0.052 0.150 0.031 0.100 0.028
(78, 110] 95 670 0.290 0.043 0.181 0.031 0.108 0.027
(110, 155] 135 1396 0.135 0.027 0.078 0.015 0.057 0.017
(155, 218] 189 2665 0.100 0.023 0.060 0.017 0.040 0.015
(218, 307] 266 5542 0.098 0.014 0.053 0.009 0.045 0.008
(307, 431] 380 12253 0.053 0.011 0.031 0.009 0.022 0.010
(431, 606] 526 28672 0.041 0.010 0.024 0.006 0.017 0.005
(606, 853] 739 56189 0.028 0.006 0.015 0.004 0.012 0.004
(853, 1200] 1041 110921 0.018 0.004 0.009 0.002 0.009 0.002
et al. 2013) and eBOSS (Prakash et al. 2016; Dawson et
al. 2016) surveys. We select LRGs with redshifts greater
than 0.4 and with redshift uncertainties smaller than 35
km/s. This yields a sample of about 760,000 LRGs,
with median redshift of about 0.55. The typical stel-
lar and halo masses of the LRGs are ∼ 1011.2 M and
∼ 1013.5 M, respectively (e.g., White et al. 2011; Zhai
et al. 2017). We note that while the MgII absorption
around LRGs has been measured by Zhu et al. (2014)
with a method similar to the one used here, we repeat
the analysis with the latest sample (1) to obtain the FeII
absorption which is not provided by Zhu et al. (2014),
and (2) as a consistent check between the new data and
previous ones.
Background quasars - For background objects, we
use the SDSS DR14 quasar catalog (Abolfathi et al. 2018;
Paˆris et al. 2017), which contains all the quasars observed
by the SDSS surveys. We select quasar-galaxy pairs that
have projected distances smaller than 1.2 Mpc and have
the quasar redshift higher than galaxy redshift by at least
0.1. This selection yields in total about 70,000 ELG-
quasar pairs and 320,000 LRG-quasar pairs.
2.2. Method
We measure the average MgII and FeII absorption
strengths (tracers of cool gas with T ∼ 104 K) in the
quasar spectra as functions of the impact parameter, rp.
defined to be the distance between the galaxy and the line
of sight to its paired quasar. We follow the procedure in
Zhu & Me´nard (2013b) to estimate the absorption line
strengths. We first model and remove spectral features in
the quasar spectra that are intrinsic to quasars, using the
quasar eigen-spectra provided by Zhu & Me´nard (2013b),
together with a dimensional reduction technique , called
non-negative matrix factorization (NMF, Lee & Seung
2001), as implemented by Zhu (2016)6. Intermediate-
scale fluctuations are removed by a median filter with
a width of 71 pixels. We also remove the systematic
features originated from the SDSS pipeline in the ob-
server frame (Lan et al. 2018). Finally, we combine the
continuum-normalized spectra of background quasars at
the rest-frame of the foreground galaxies to obtain the
composite spectra, which have higher S/N than the orig-
inal individual spectra. A median estimator is used to
avoid the impacts of outliers. We found that using a ro-
bust mean estimator yields consistent results. To make
the composite spectra, we use pixels of quasar spectra
with S/N greater than 3; including pixels with lower S/N
does not enhance the quality of the final composite spec-
tra. With this S/N selection, the composite spectra are
made with ∼ 70% of total galaxy-quasar pairs effectively.
A similar method has been used in the analyses of gas ab-
sorption at both high (Steidel et al. 2010) and low (Zhu
& Me´nard 2013a) redshifts, as well as using galaxies as
background sources (Bordoloi et al. 2011).
Figure 1 shows examples of the median composite spec-
tra as a function of the impact parameter from ELGs.
The shaded regions show the uncertainties of the com-
posite spectra from 200 bootstrap samples. Note that
the scale of vertical axis changes with the impact pa-
rameter. Note also that the signal-to-noise ratio of the
composite spectra per spectral element is about 1000 at
rp ∼ 1000 kpc.
We measure the rest equivalent widths of the
MgIIλλ2796, 2803 and FeIIλλ2600, 2586, 2382 lines by
fitting the spectra to Gaussian profiles with their am-
plitudes as free parameters. Since MgII and FeII lines
trace gas clouds with the same physical properties and
velocities (e.g., Churchill & Vogt 2001; Churchill et al.
6 The code can be found at https://github.com/
guangtunbenzhu/NonnegMFPy.
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Figure 2. MgII rest equivalent width, the sum of MgIIλ2796 and λ2803 lines, as a function of rp. The gas profiles of ELGs and LRGs
are shown with blue and red data points, respectively. The pink open circles show the LRG measurements from Zhu et al. (2014).
2003), we fit all the line widths with a single velocity dis-
persion parameter. The uncertainties of the rest-frame
equivalent widths and velocity dispersion are estimated
by bootstrapping the sample 200 times. Examples of the
best-fit Gaussian profiles are shown with red solid lines
in Figure 1.
MgII absorption lines have been detected individually
in random quasar sightlines, and their rest equivalent
width distribution is found to follow roughly an exponen-
tial distribution (e.g., Nestor et al. 2005; Zhu & Me´nard
2013b). For a MgII absorber with rest equivalent width
greater than 0.4 A˚, the absorption line is mostly sat-
urated and therefore, the rest equivalent width reflects
a combination of the internal velocity dispersion of the
system and its column density. The probability to de-
tect these absorbers around galaxies, namely the cover-
ing fraction, depends on the galaxy population as well as
on the impact parameter from the galaxies (e.g., Chen et
al. 2010; Nielsen et al. 2013; Lan et al. 2014). Since our
composite spectra are made by combining random back-
ground quasar spectra without prior knowledge about
individual metal absorbers, the measured average rest
equivalent width, 〈WMgII〉, reflects the summation of the
product between the covering fraction and the absorption
strength over individual MgII absorbers:
〈WMgII〉 =
∑
i
fc(W
l
i < WMgII,i < W
u
i , rp)× WˆMgII,i,
(1)
where fc(W
l
i < WMgII,i < W
u
i , rp) is the covering frac-
tion of absorbers with strength in [W li ,W
u
i ] at a given im-
pact parameter rp, and WˆMgII,i is the average strength.
Thus, even if 〈WMgII〉measured from our composite spec-
tra appears to be unsaturated (W < 0.4 A˚), it may be
due to the combination of a low covering fraction with
strongly saturated absorbers. This is consistent with the
fact that the line ratio between MgII λ2796 and λ2803
is larger than 0.5 at scales > 200 kpc (see Fig. 1),
even though the rest equivalent widths are small, sug-
gesting that the average absorption is indeed dominated
by strong saturated absorbers. Consequently, a direct
conversion from the measured rest equivalent width to a
column density may result in an underestimation of the
metal abundance. In the following, we will first present
our results in terms of the median rest equivalent width
obtained from the composite spectra (Section 3), and
then discuss the covering fraction and gas mass inferred
from them (Section 4).
3. RESULTS
3.1. Gas distribution traced by MgII/FeII absorption
lines
We measure the radial distribution of gas traced by
MgII/FeII absorption lines. Figure 2 shows the me-
dian rest equivalent widths of the sum of MgIIλ2796 and
MgIIλ2803 lines around ELGs and LRGs as functions of
the impact parameter. The individual measurements are
listed in Table 1 for reference.
It can be seen that the MgII absorption strength
around both ELGs and LRGs decreases monotonically
with rp. For ELGs, there seems to be a change in slope
at rp ∼ 100 kpc: the absorption profile is roughly a
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power law, W ∝ r−1p at larger rp, and the profile is
steeper, r−1.5p , at smaller rp. In contrast, the MgII ab-
sorption profile around LRGs, shown by the red data
points, can be described by a single power-law, W ∝ r−αp
with α = −0.94 ± 0.05, as illustrated by the red dashed
line. The absorption profile around LRGs obtained here
is consistent with the measurements of Zhu et al. (2014)
(shown by the pink open circles), demonstrating the ro-
bustness of the observational results. In addition, our
measurements extend the profile to rp < 30 kpc.
At rp > 100 kpc the gas absorption profile around
ELGs is consistent with that around LRGs, but the am-
plitude is slight lower, by about 85%, albeit the large un-
certainties. This difference in amplitude at rp > 100 kpc
may be due to that ELGs and LRGs reside in dark
matter halos with average masses of ∼ 1012M and
∼ 1013.5M, respectively. However, measurements with
higher S/N are required to test this picture. At rp <
100 kpc, the absorption profile around ELGs deviates sig-
nificantly from the power law extrapolated from larger
scales, and the absorption equivalent width is about a
factor of 5-10 as large as that around LRGs. Such a
trend is also observed in the FeII absorption profiles.
If we scale rp by the corresponding halo virial radius,
Rv, the small scale difference between ELGs and LRGs
will be enhanced. This result indicates that the excess
of MgII absorption around ELGs is limited in their host
halos, likely due to gas outflows produced by the star
formation activities in central galaxies (e.g. Bordoloi et
al. 2011; Lan et al. 2014). This result demonstrates that
the properties of galaxies is reflected in their surrounding
cool gas.
3.2. Correlation with star-formation rate
To investigate how the absorption strength depends
on the properties of galaxies, we separate the ELGs into
two subsamples in SFR, one with SFR > 10M/yr and
the other SFR < 10M/yr, and measure their absorp-
tion properties. As shown in the two panels of Figure
3, the MgII and FeII absorption strengths at rp < 50
kpc both increase with SFR. Comparing the average ab-
sorption strengths around ELGs with that around LRGs
and passive galaxies of similar stellar masses (Rubin et
al. 2018), one can see that the trend with SFR extends
to red galaxies that have very low star formation rates.
Nevertheless, the absorption strengths of the two sub-
samples are consistent with each other at rp > 50 kpc.
This trend is consistent with previous results obtained
by Bordoloi et al. (2011), Lan et al. (2014), and Rubin
et al. (2018). Our result demonstrates that the correla-
tion between the SFR of galaxies and the properties of
the circumgalactic gas is reflected not only in the MgII
absorption, but also in the FeII absorption in the inner
region of the CGM.
3.3. Dependence on azimuthal angle
The dependence of the metal absorption profile on the
azimuthal angle, φ, defined to be the angle between the
minor axis of the galaxy and the impact parameter vector
of the background quasar, provides further insights into
the origin of the circumgalactic gas. For example, gas
clouds driven by gas outflows from a star-forming galaxy
are expected to be preferentially along the minor axis
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Figure 3. Absorption properties as a function of star-formation
rate obtained from systems with impact parameters within 50 kpc.
Top: the total width of the MgIIλ 2796 and MgIIλ 2803 lines. The
same measurements around LRGs and red galaxies Rubin et al.
(2018) are shown in red and pink, respectively. Bottom: the total
width of the FeIIλ 2600 and FeIIλ 2382 lines. The results show that
both the MgII and FeII absorption strengths are correlated with
the SFR of the host galaxies.
of the galaxy (Veilleux et al. 2005, for a review), while
cooling gas from a hot gaseous halo should have a more
isotropic distribution. To investigate such dependence,
we use the photometric information from DECaLS DR5
catalog (Dey et al. 2018) and select ELGs that are best-
fitted by exponential disk profiles as determined by The
Tractor7 (Lang et al. 2016) (See also Section 8 in Dey
et al. 2018). This selection reduces the sample size by
∼ 60%. In short, the Tractor adopts a forwarding mod-
eling approach by convolving modeled profiles with the
point spread function of each individual exposure and
finds the best-fit model profile that minimizes the resid-
uals of all images. The algorithm only classifies extended
objects into exponential disk profiles when the exponen-
tial disk profiles improve the fits by more than 3σ in com-
parison to round exponential profiles. We use the image
shape parameters provided by the Tractor to estimate
the azimuthal angles for individual galaxy-quasar pairs
and the corresponding uncertainties, which are typically
5-10 degrees.
Figure 4 shows the MgII and FeII absorption strength
as a function of rp in two azimuthal angle bins, one with
φ ∈ [0◦, 45◦) and the other with φ ∈ [45◦, 90◦] (see the
7 https://github.com/dstndstn/tractor
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Figure 4. Dependence of the absorption profile on the azimuthal angle, φ, between the impact-parameter vector and the semi-minor
axis of ELGs with exponential disk profiles. Left: the total width of the MgIIλ 2796 and MgIIλ 2803 lines. Right: the total width of the
FeIIλ 2600 and FeIIλ 2382 lines. The purple and green data points show the absorption strengths along minor and major axis respectively.
The blue bands show the measurements obtained by averaging over all directions.
cartoon plotted in the left panel for the relevant geom-
etry). The SFR distributions of ELGs in the two bins
are consistent with each other. As one can see, the MgII
and FeII absorption strengths at rp < 50 kpc are about
2 times larger along the minor axis of ELGs (purple)
than along the major axis (green). At larger rp, the ab-
sorption strengths for the two azimuthal angle bins are
comparable. For reference, the blue bands show the mea-
surements by averaging over all directions. As expected,
the averages go through the measurements of the two
azimuthal bins. We also perform similar measurements
around LRGs and find no dependence on the azimuthal
angle, consistent with the finding of Huang et al. (2016).
This orientation dependence of the MgII/FeII absorp-
tion around ELGs demonstrates that a significant frac-
tion of the cool gas traced by the absorbers is likely con-
tributed by outflows originated from the galaxies (disks).
This result is consistent with those obtained earlier using
smaller data sets from the HST, COSMOS, Keck, VLT
and SDSS (e.g., Bordoloi et al. 2011; Bouche´ et al. 2012;
Kacprzak et al. 2012; Lan et al. 2014). Other mecha-
nisms, such as gas inflows and/or gas associated with
satellite galaxies, are not expected to produce the az-
imuthal dependence observed, as we will discuss in §4.5.
Our results show that the metal absorption strength
around ELGs is anisotropic. Based on the fact that the
absorption strength along the minor axis is about two
times stronger than that along the major axis, we in-
fer that about 2/3 of the absorption is along the minor
axis. Under the assumption that the metal absorption
observed with φ ∈ [0◦, 45◦) is all due to outflows, this
suggests that outflow gas contributes about 2/3 of the
gas around ELGs within 50 kpc. This value should be
considered as a lower limit, given that the opening angles
of outflows may be larger than 45◦. Moreover, the intrin-
sic azimuthal angle dependence is expected to be stronger
than our measurements indicate, because galaxy shapes
estimated from the ground-based observation may be af-
fected by seeing. In the near future, with the imaging
data from the Euclid survey (Amiaux et al. 2012), one
will be able to measure the azimuthal dependence of the
gas absorption in more detail.
3.4. Gas Kinematics
In the composite spectra, the metal absorption lines in
concern are contributed by multiple clouds with a range
of velocities relative to the host galaxies. The line widths,
therefore, reflect the line-of-sight velocity dispersion of
the gas, σgas, around the galaxies, which is a convolu-
tion between the internal velocity dispersion of absorp-
tion systems and the relative velocity difference between
the absorbers and the galaxies. In Figure 5, we show the
best-fit velocity dispersion (obtained by a joint fit of 5
metal lines) of MgII/FeII gas clouds around ELGs as a
function of the impact parameter, with effects produced
by the SDSS spectral resolution and by the uncertainty in
galaxy redshift subtracted in quadrature. The measured
velocity dispersion of gas around ELGs is about 100 km/s
from rp = 20 to 100 kpc, and the results at larger rp be-
come uncertain. The blue shaded region shows the 1σ
range of the best-fit gas velocity dispersion obtained by
assuming a constant velocity dispersion. For compari-
son, the velocity dispersion of the gas around LRGs is
shown in red. We note that our measured gas velocity
dispersion around LRGs is consistent with those of Zhu
et al. (2014) and Huang et al. (2016). The gas velocity
dispersion around LRGs is about 60 km/s larger than
that around ELGs.
Since ELGs reside in smaller dark matter halos than
LRGs, it is informative to compare the gas velocity dis-
persion with that expected from the halo gravitational
potential wells. Figure 6 shows the velocity dispersion of
gas around galaxies as a function of halo mass. In addi-
tion to the measurements for ELGs and LRGs, shown by
the blue and red data points, respectively, we also plot
the dark matter velocity dispersion as a function of halo
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in the main text.
mass (e.g., Elahi et al. 2018),
σm ' 430
(
Mhalo
1014M
)1/3
km/s, (2)
as the blue dashed line. The velocity dispersion of the
gas around ELGs is consistent with that of dark matter
in their halos, while the gas velocity dispersion around
LRGs is only about half of the σm, as shown by the red
dotted line. Thus, we have gas velocity bias
σgas
σm
∼
{
1 for ELGs;
0.5 for LRGs.
(3)
A similar correlation between the kinematics of gas and
galaxy types is also found in Nielsen et al. (2015) and
Nielsen et al. (2016), where the authors measure the ve-
locity dispersion of gas clouds relative to the column-
density weighted median velocity. Figure 6 shows the
velocity dispersion of MgII gas clouds around blue and
red galaxies, derived from about 30 galaxy-absorber pairs
given by Nielsen et al. (2015) and Nielsen et al. (2016),
with the uncertainty estimated from bootstrapping. The
halo masses are estimated from an abundance match-
ing method (e.g., Conroy et al. 2006). Together with
their data, the trend of gas velocity bias extends to even
smaller halos. However, the methods and datasets used
here and in Nielsen et al. (2015, 2016) are quite different,
and so the comparisons may be uncertain. Clearly, a ho-
mogeneous dataset covering a wide range of halo masses
and galaxy types is required to quantify the gas velocity
bias as a function of halo mass. Nevertheless, our result
shows clearly that the σgas of gas around star-forming
and passive galaxies have very different behaviors with
respect to that of dark matter, indicating that multiple
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Figure 6. Line-of-sight gas velocity dispersion, σgas, as a function
of halo mass and galaxy types. The σgas of ELGs and LRGs are
shown by the blue and red data points. We find that the gas
velocity dispersion around ELGs is consistent with the velocity
dispersion of dark matter particles σm (Equation 2) shown by the
blue dashed line, while the gas velocity dispersion around LRGs is
aligned with 50% of the velocity dispersion of dark matter particles
shown by the red dotted line. We also show similar measurements
around blue and red galaxies derived from about 30 individual
galaxy-absorber pairs from Nielsen et al. (2015, 2016), suggesting
that gas in small halos may behave similarly.
mechanisms are driving the motion of the circum-galactic
gas.
Let us first consider the possible mechanisms produc-
ing gas around passive galaxies. One possibility is that
the gas clouds are produced by mass loss from stars in
satellite galaxies and/or halo stars. In this case, the
initial velocities of the clouds are expected to follow
the virial velocity of the halo, in conflict with the ob-
servational result. However, in the presence of a dif-
fuse hot halo, the cloud velocities are expected to be
reduced by the interaction with hot ambient gas. In-
deed, clouds with higher initial velocities are expected
to be destroyed by hydrodynamic instabilities, such as
Kelvin-Helmholtz and/or Rayleigh-Taylor instabilities,
in shorter timescales, as the instability timescale is typ-
ically inversely proportional to the cloud velocity, ∝
V −1cloud (e.g. §8.5 in Mo et al. 2010). In addition, gas
clouds are also expected to decelerate due to the ram
pressure of hot gas. Thus, even if the clouds were pro-
duced with a velocity dispersion similar to that of the
dark matter halo, these two mechanisms may work to
reduce the gas velocity dispersion observed around pas-
sive galaxies. Alternatively, the gas clouds around pas-
sive galaxies may be produced by cooling gas from the
hot halo. If the hot gaseous halo is static, the initial
velocities of the clouds are expected to be small. The
gravitational field of the dark matter halo will accelerate
the gas clouds, but the clouds may get destroyed before
they reach high velocities, leading to the low cloud ve-
locity dispersion observed.
For star-forming galaxies, a large fraction of the clouds
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Figure 7. MgII covering fraction around galaxies. The blue data
points and red squares show the covering fractions around ELGs
and LRGs. The blue and red bands show the covering fractions
estimated from Lan et al. (2014) by correlations with individual
MgII absorbers and photometric galaxies.
may be produced by outflows, as such outflows have been
observed ubiquitously (e.g., Heckman et al. 2000; Weiner
et al. 2009; Steidel et al. 2010; Martin et al. 2012; Bor-
doloi et al. 2014; Rubin et al. 2014; Zhu et al. 2015; Heck-
man et al. 2015; Chisholm et al. 2016). Depending on the
initial velocities of the outflows, these clouds may prop-
agate to large distances from the halo center, inheriting
large velocities. To demonstrate this possibility, we per-
form a simple simulation by ejecting particles at a radius
of 1 kpc from the center of a dark matter halo that is
assumed to have a NFW density profile (Navarro et al.
1996) with total mass of 1012M and a concentration of
10. The ejection is assumed to have spherical symmetry
and a constant rate over a period of 2 Gyr. We follow the
motion of each ejected particle in the gravitational poten-
tial well of the halo, and calculate the velocity dispersion
of ejected particles as a function of the impact param-
eter. The dashed faint blue lines in Figure 5 show the
results obtained by assuming that the initial velocities
following a normal distribution with a width 200 km/s,
and with a mean velocity of 500 km/s, 300 km/s and
200 km/s, respectively. As one can see, outflow clouds
may contribute significantly to the line of sight veloc-
ity dispersion, if the initial velocities sufficiently large.
Note that the velocity dispersion obtained from our sim-
ple model should be considered as upper limits, as other
mechanisms, such as ram pressure and hydrodynamic in-
stabilities, are expected to reduce the velocity dispersion
to be observed. In a forthcoming paper (Lan et al. in
preparation), we will develop a more realistic model to
test the ideas presented here.
4. IMPLICATIONS
4.1. The MgII covering fraction
The average MgII absorption around galaxies obtained
above can be converted to the corresponding MgII cover-
ing fraction, fc, as shown in Equation (1). To do this, we
assume that the average MgII absorption around galaxies
is dominated by strong MgII absorbers (Wλ2796 > 0.4 A˚)
and that the Wλ2796 distribution around galaxies is sim-
ilar to the one observed towards random quasar sight-
lines. For simplicity, we approximate the average MgII
absorption strength as
〈Wλ2796〉(rp) ≈ fc(Wλ2796 > 0.4 A˚, rp)× WˆMgIIλ2796, (4)
where 〈Wλ2796〉(rp) is our average profile, and WˆMgIIλ2796
is the average of Wλ2796 obtained from individual ab-
sorbers towards random quasar sightlines. We use the
incidence rate, d2N/dWdz, of individual MgII absorbers
from Zhu & Me´nard (2013b), and estimate WˆMgIIλ2796 us-
ing systems with Wλ2796 > 0.4 A˚. The corresponding
WˆMgIIλ2796 is ∼ 1 A˚. The estimated covering fraction from
Equation (4) is shown in Figure 7 with the blue and red
data points for ELGs and LRGs, respectively. Note that
the initial covering fraction around ELGs at < 40 kpc ex-
ceeds 1, the maximum value for covering fraction, due to
that MgII absorbers close to star-forming galaxies tend
to have higher average rest equivalent widths than the
global population (Lan et al. 2014). For such measure-
ments, the covering fraction is set to be 1. The esti-
mated covering fractions are compared with that derived
from individual absorbers around blue and red galaxies
(color shaded bands) (Lan et al. 2014). These two types
of measurements yield consistent results, indicating that
the assumption and the approximation adopted in Equa-
tion (4) are reasonable. This demonstrates that the aver-
age absorption around ELGs and LRGs is dominated by
strong MgII absorbers with Wλ2796 > 0.4 A˚, with only a
negligible contribution from weaker components (see also
Prochaska et al. 2014). These measurements for LRGs
are consistent with Huang et al. (2016). The difference
in the covering fractions between ELGs and LRGs shows
that the MgII gas covering fraction is correlated with star
formation activities in addition to halo mass as suggested
by Churchill et al. (2013).
We have also performed a simulation to test the vi-
ability of using Equation (4) to estimate the covering
fraction. To this end, we inject fake absorbers with
WˆMgIIλ2796 ∼ 1 A˚ into the observed individual spectra and
run our analysis to recover the input covering fraction.
We find that the systematic uncertainty is about 20%,
comparable to the statistical uncertainty. To better esti-
mate the covering fraction, however, one needs to detect
individual absorbers in each quasar sightline, instead of
using Equation (4). We will perform such an analysis in
the future.
4.2. Mass of circumgalactic neutral hydrogen
With the covering fraction obtained above, we can es-
timate the amount of hydrogen mass around ELGs and
LRGs following Lan et al. (2014),
MHI(rp < rp,max) ∼ 2pimH
∫ rp,max
20 kpc
NˆHI fc(rp) rp drp,
(5)
where NˆHI is the neutral hydrogen column density traced
by the MgII absorbers. Using the empirical relation be-
tween the rest equivalent width of MgII and NHI derived
by Lan & Fukugita (2017), we obtain NˆHI ≈ 3×1019cm−2
for WˆMgIIλ2796 ∼ 1 A˚ at redshift 0.8. We perform the integra-
tion as a function of impact parameters and the enclosed
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Figure 8. Cumulative neutral hydrogen mass around galaxies as
a function of impact parameter.
neutral hydrogen mass obtained in this way is shown in
Figure 8. As one can see, there is more neutral hydrogen
around ELGs than around LRGs within rp ∼ 100 kpc,
but the enclosed mass around the two populations be-
comes comparable at larger scales. The enclosed masses
within the virial radii of ELGs (200 kpc) and LRGs (600
kpc) are ∼ 4 × 109M and ∼ 9 × 109M, respectively.
Compared with the halo masses of ELGs and LRGs,
these neutral hydrogen masses imply that the HI mass
fractions are
f ∼
{
10−2.5 for star-forming galaxies;
10−3.5 for passive galaxies.
(6)
Thus, the neutral hydrogen mass fraction within the halo
around ELGs is about 10 times higher than that around
LRGs. As shown in Lan & Fukugita (2017), the MgII ab-
sorption systems used in our analysis are predominantly
neutral with nHI/nH ∼ 0.9. Thus, the HI masses given
above are approximately the same as the total hydrogen
masses traced by MgII absorption lines.
We can compare the mass of the circumgalactic hydro-
gen obtained here with that at z ∼ 0.1 obtained from the
HST/COS-Halos survey (e.g. Stocke et al. 2013; Tum-
linson et al. 2013; Werk et al. 2014; Prochaska et al.
2017). The COS-Halos results show that the neutral hy-
drogen is ubiquitously around galaxies, with a covering
fraction nearly 100% from 10 kpc to 150 kpc (e.g., Tum-
linson et al. 2013; Bordoloi et al. 2017). Accounting for
the ionization effect, the estimated total cool CGM mass
can be as high as 1011M (Prochaska et al. 2017), more
than 10 times higher than the mass traced by MgII ab-
sorption lines. However, the hydrogen gas detected in
the COS-Halos survey is highly ionized, with an ioniza-
tion correction factor greater than 100. To obtain the
mass of neutral hydrogen gas detected in the COS-Halos
survey, we take the data from Prochaska et al. (2017)
and estimate the median NHI for all types of galaxies
as a function of impact parameters. We then calculate
the neutral hydrogen mass using Equation (5) and as-
suming a covering fraction of 100% from 20 kpc to 150
kpc. We find that the total mass of neutral hydrogen
detected by COS/Halos is only about 107.5M, a factor
of about 100 lower than the amount around ELGs shown
in Figure 8. This result indicates that the bulk of neutral
hydrogen around galaxies is traced by strong MgII ab-
sorbers. The difference of the circumgalactic neutral hy-
drogen between ELGs and local galaxies may be caused
by two factors. First, the number of COS-Halos sight-
lines is not big enough to properly sample the cool dense
clouds with relatively high HI column density and low
covering fraction. Second, the amount of neutral hydro-
gen around galaxies decreases significantly from z ∼ 1 to
0.1. At the moment, it is unclear which of the two is the
right reason.
Our mass estimates also allow us to quantify the cosmic
mass density of neutral hydrogen contributed from the
CGM of ELGs (rp < 200 kpc). To do this, we assume
that all the star-forming galaxies with M∗ > 1010M
have similar gas profiles as ELGs and use the number
density of star-forming galaxies, n(SFR > 2 M/yr) ∼
10−2.6 Mpc−3 at z ∼ 0.8 from Moustakas et al. (2013).
The cosmic mass density of neutral hydrogen around
ELGs at z ∼ 0.8 estimated in this way is
ΩELGsHI =
n×MHI
ρcrit
≈ 1× 10−4. (7)
Using the incidence rate of individual MgII absorbers and
the empirical relation between NHI and Wλ2796, previous
studies (Kacprzak & Churchill 2011; Me´nard & Fukugita
2012; Lan & Fukugita 2017) estimated the total mass
density of neutral hydrogen traced by MgII absorbers to
be ΩMgIIHI ≈ 1.5 × 10−4 around redshift 1. This suggests
that more than 60% of the individual MgII absorbers
observed towards random quasar sight-lines are actually
associated with the CGM of massive star-forming galax-
ies. This result is also consistent with the fact that on
average, MgII absorbers have approximately solar metal-
licity at z ∼ 1 (Lan & Fukugita 2017).
4.3. Outflow rate
As shown in Figure 8, the amount of neutral hydrogen
mass within 100 kpc around ELGs exceeds from that
around LRGs by about 2× 109 M. Assuming that this
mass difference is due to mass ejected from star-forming
galaxies, we can estimate an outflow rate. We assume
that the outflow material has a typical velocity of 200
km/s and typically travels a distance of ∼ 100 kpc. The
corresponding time scale is then about 500 Myr. If the
excess mass around ELGs is assumed to be ejected about
500 Myr ago, we can estimate the outflow rate to be
M˙out = dM/dt ∼ 2×109 M/500 Myr ∼ 4 M yr−1. (8)
This estimated value should be considered as a lower
limit, as about 80% of the excess mass is within 60 kpc,
where the outflow velocity is lower than the typical out-
flow velocity. In addition, only cool gas clouds traced by
MgII absorption are included, and a fraction of outflow
materials may have already fallen back to the galaxies or
been destroyed. Assuming that the SFR of the galaxies
does not evolve significantly over 500 Myr, we can obtain
a constraint on the minimum outflow loading factor:
M˙out
SFR
> 4/8 ∼ 0.5, (9)
a value similar to the one obtained from the blue-shifted
absorption lines towards galaxies (e.g. Rubin et al. 2014).
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4.4. Comparison with previous studies
The absorption profile for ELGs at redshift 0.8 can
be compared with that around Lyman break galaxies
(LBGs) at redshift 2.2. To do this, we use the CIIλ1334
absorption strength obtained from Steidel et al. (2010)
and convert it to the corresponding MgII absorption us-
ing WMgII,all ∼ 3×WCIIλ1334 as given in Lan & Fukugita
(2017). We find that at rp ∼ 50 kpc, the absorption
around LBGs (∼ 2 A˚) appears to be stronger than that
around ELGs (∼ 1 A˚), indicating a possible evolution
of gas around star-forming galaxies. Unfortunately, the
LBG data is still too uncertain to provide quantitative
constraints on the evolution. We also compare our mea-
surements with similar measurements from Rubin et al.
(2018) and Bordoloi et al. (2011), both using spectra
of galaxies as background sources. These measurements
appear to be lower than ours but have large uncertain-
ties. The difference could be due to that (1) their fore-
ground star-forming galaxies have, on average, lower stel-
lar masses and (2) they use extended objects as back-
ground sources, which may probe a larger region per line
of sight as compared with quasars (see, Bordoloi et al.
2011, for a discussion).
4.5. Origins of the MgII/FeII absorption gas
Our results show that the properties of the cool gas
around ELGs and LRGs are different. The gas profile
between 10 kpc to 1 Mpc around LRGs is consistent with
the NFW profile for dark matter distribution, as shown
in Zhu et al. (2014), which can be described roughly by
a power law. In contrast, the gas profile around ELGs
is much steeper at impact parameters below 100 kpc, al-
though it is comparable to that of LRGs at larger impact
parameters. The properties of the absorbing gas is also
found to be correlated with the star-formation activity
and the azimuthal angle, with the absorption strength
being stronger around ELGs with higher SFR and for
sight-lines closer to the minor axes of the galaxies. In
addition, the gas around star-forming galaxies appear to
be stirred up in their halos than that around passive
galaxies after normalizing the effect of halo mass. These
results clearly have important implications for the ori-
gins of the absorption gas. In what follows, we discuss
two possible mechanisms.
Gas associated with outflows - We argue that most
of the cool gas around star-forming galaxies traced by
MgII/FeII absorption lines within the halos is associ-
ated with outflows. Star-forming galaxies are known to
eject gas via outflows. Evidence for such flows can be
seen directly from the blue-shifted absorption lines in
the galaxy spectra, i.e. through the so-called down-the-
barrel observations (e.g., Weiner et al. 2009; Steidel et
al. 2010; Martin et al. 2012; Bordoloi et al. 2014; Rubin
et al. 2014; Zhu et al. 2015; Chisholm et al. 2016). How-
ever, the lack of spatial information in such observations
makes it difficult to infer how far the gas associated with
outflows can propagate into the halos. The azimuthal
angle dependence of gas absorption found here is con-
sistent with the scenario that the CGM is enriched by
outflows. The azimuthal angle dependence is difficult to
be explained by gas inflows and/or gas associated with
satellite galaxies, because the gas distribution produced
by such mechanisms is not expected to be aligned with
the minor axes of galaxies. Indeed, although the accre-
tion of material from the cosmic web into dark matter
halos is anisotropic (e.g., Shi et al. 2015), the alignment
between the principal axes of late type galaxies and the
cosmic web is found to be weak (e.g., Zhang et al. 2013),
so is the alignment of late type galaxies with the distri-
bution of satellite galaxies (e.g., Yang et al. 2006). We
conclude, therefore, that the CGM around star-forming
galaxies are produced and enriched by outflows driven
by star formation in the galaxies.
The outflow gas traced by MgII around massive star-
forming galaxies seems to have a characteristic scale of
about 50-100 kpc (see also Bordoloi et al. 2011). This
indicates that the bulk of the outflow materials in the
cool phase cannot travel much farther than ∼ 100 kpc
from the central galaxies. This characteristic scale is
an important observational constraint on any models of
galactic outflows.
Gas associated with halos - We argue that, in addi-
tion to galactic outflows, a fraction of the MgII/FeII ab-
sorbing gas originates from mechanisms associated with
halos of galaxies. This is motivated by the fact that a
non-negligible amount of cool gas is found around LRGs,
a population with no significant star formation activity
over the past 1-2 Gyr or even longer (e.g., Barber et
al. 2007; Gauthier & Chen 2011). Furthermore, the cool
gas around LRGs has a relatively low velocity dispersion,
and a distribution consistent with the NFW matter dis-
tribution without significant azimuthal dependence, all
consistent with a halo origin. In the following, we dis-
cuss two possible mechanisms that may produce absorb-
ing clouds in halos of galaxies. These mechanisms may
also operate around star-forming galaxies, given that all
galaxies are surrounded by extended halos.
One possibility is that the absorbing clouds originate
from satellite galaxies. These galaxies are known to
roughly trace the dark matter distribution (e.g., Lin et al.
2004), which may explain the observed gas density pro-
file around LRGs. Before being accreted into their host
halos, star-forming satellite galaxies have cool gas halos
enriched by outflows, as discussed above. After merging
into its host halo, a satellite may lose a fraction of the
cool CGM due to ram pressure and/or tidal stripping,
but it may still retain part of the CGM. Before being
destroyed by hydro-dynamical instabilities and/or heat
evaporation, both the remaining and stripped circum-
galactic gas can contribute to the cool gas seen around
LRGs. In addition, gas clouds may also be produced by
the mass loss from evolved stars in the satellites. Un-
der the assumption that satellite galaxies can retain all
of their cool CGM without being destroyed or removed
by any mechanisms, it seems possible to explain the ob-
served MgII gas profiles observed around galaxy groups
and LRGs by the gas associated with satellites (e.g., Bor-
doloi et al. 2011; Huang et al. 2016). However, if most
of the absorbing gas were still bound to satellite galax-
ies, the gas kinematics would follow that of the satellites,
and therefore that of dark matter (e.g., More et al. 2011),
inconsistent with the observed gas kinematics. On the
other hand, lower cloud velocity dispersion is expected
for the clouds unbound to satellites, as ram pressure can
decelerate them and hydrodynamic instabilities tend to
destroy faster moving clouds in shorter time scales (see
§3.4).
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The cooling gas condensed from hot diffuse halos
through thermal instability is another possible source for
the MgII gas around LRGs. This scenario was first pro-
posed by Mo & Miralda-Escude (1996), with an extension
developed by Maller & Bullock (2004), and it assumes
that a significant amount of hot gas within the cooling
radius will condense into cool gas clouds. Given that the
cooling time strongly depends on gas metallicity, it is ex-
pected that the high metallicity regions in the hot halos
will cool first and produce gas clouds with high metal
content. In addition, the condensed cool gas clouds are
expected to have velocities modulated by the gravity of
the systems and by the ram pressure of the hot halos,
probably leading to low velocity dispersion. These two
properties, high metallicity and low velocity dispersion,
are consistent with the observed properties of the MgII
gas, as shown in this paper and in Lan & Fukugita (2017).
However, it is still unclear if this mechanism can produce
the observed gas distribution.
It is possible that all the mechanisms discussed above
can contribute to the cool gas around LRGs. The ques-
tion that remains unsolved is their relative importance.
By studying the contribution of each mechanism in de-
tail through analytic and numerical models, it is possible
to disentangle the origins of the cool gas around LRGs
without the complications introduced by outflows. Thus,
the gas properties around passive galaxies may provide
a cleaner test bed for CGM models based on the halo
origin than that around star-forming galaxies.
5. SUMMARY
The circumgalactic medium is expected to contain
important information about gas accretion into galax-
ies, as well as gas flow processes that drive the evolu-
tion of galaxies. To reveal the imprints of these pro-
cesses, we measure the distribution and kinematics of
cool gas around star-forming and passive galaxies, using
MgII/FeII absorption properties extracted from the flux
decrements in the spectra of background quasars around
∼ 200, 000 ELGs and ∼ 800, 000 LRGs. Our findings can
be summarized as follows:
1. ELGs appear to be surrounded by more cool gas
than LRGs within 100 kpc despite being much less
massive. The MgII and FeII absorption around
ELGs is about 5-10 times stronger than around
LRGs, and is stronger around ELGs with higher
SFR. At larger scales, in contrast, the absorption
around ELGs and LRGs has a similar strength
and decreases with impact parameters following a
power law, r−1p .
2. The metal absorption distribution around ELGs is
anisotropic; for impact parameters below ∼ 100
kpc, the metal absorption along the minor axes of
ELGs is, on average, about two times stronger than
that along the major axis. This indicates that a
significant fraction of the absorbing gas, ∼ 2/3, is
probably generated by outflows from the galaxies.
3. The line-of-sight gas velocity dispersion σgas
around ELGs and LRGs within 200 kpc is mea-
sured to be about 100 km/s and 160 km/s from
the absorption line widths, respectively. Compar-
ing these with the expected velocity dispersion of
dark matter particles, σm, in the host halos, we
find that the gas moves differently around ELGs
and LRGs, with the gas velocity bias
σgas
σm
∼
{
1 for ELGs;
0.5 for LRGs.
(10)
4. We infer the covering fraction of individual MgII
absorbers and estimate the amount of neutral hy-
drogen around ELGs and LRGs based on an em-
pirical relation between MgII strength and neutral
hydrogen column density NHI. Within 100 kpc,
the neutral hydrogen mass around ELGs is about
2 × 109M, about a factor of 3 more than that
around LRGs. Assuming this difference is con-
tributed by outflow materials, we constrain the
minimum outflow loading factor to be about 0.5.
Our results demonstrate that the properties of cool gas
around ELGs and LRGs within 100 kpc are significantly
different in terms of their metal absorption profiles, gas
abundance, and kinematics. This correlation between
the gas properties and the SFR of galaxies is consistent
with the picture that the CGM is enriched by metal-rich
gas ejected via galactic outflows associated with recent
star formation activities. Thus, the observed properties
of the cool gas around star-forming galaxies can provide
essential constraints on the feedback processes in galaxy
formation. In a forthcoming paper (Lan et al. in prepa-
ration), we will use these results, together with a semi-
analytic model for gaseous galactic halos, to constrain
how the gas flow from galaxies can affect the circum-
galactic media.
Our results also demonstrate the potential to measure
the gas properties around galaxies with unprecedented
precision by combining large samples and powerful sta-
tistical technique. Indeed, the large sample provided
by SDSS already makes it possible to measure both the
gas absorption towards ELGs (’down-the-barrel’ obser-
vation, Zhu et al. 2015) and the gas absorption around
ELGs robustly. With the advents of even larger and
deeper spectroscopic samples of galaxies, such as DESI
(Schlegel et al. 2011; Levi et al. 2013), PFS (Takada et al.
2014), Euclid (Amiaux et al. 2012), SDSS-V (Kollmeier
et al. 2017), 4MOST (de Jong et al. 2016) and MOONs
(Cirasuolo & MOONS Consortium 2016), we will be able
to use more absorption species (MgII, FeII, CIV, etc)
to probe the cosmic evolution of the circumgalatic gas-
galaxy interaction, eventually obtaining a complete pic-
ture of baryon cycle in galaxy formation and evolution.
In addition, it is also possible to use the galaxy-metal
line cross-correlation to study the large-scale structure
and even to detect the BAO signal (e.g., Blomqvist et al.
2018).
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